With the advent of hip arthroscopic surgery, the treatment of hip pain in the young adult athlete has changed dramatically. Labral tears and bony abnormalities such as femoroacetabular impingement can now be addressed without the need for an invasive open surgical dislocation procedure.
Despite the advances in arthroscopic instrumentation, mobility inside the hip joint can be difficult because of its ball-and-socket configuration and extensive muscular and soft tissues surrounding the joint. In addition, arthroscopic visualization can be obstructed by the capsule, especially in patients with femoroacetabular abnormalities. As a result, hip arthroscopic surgeons are now performing extensive capsulotomy or partial capsulectomy during surgery to remove any barriers that increase surgical difficulty. 5 Increased instability after hip capsulectomy has been described in the adult reconstructive literature. 18, 20 However, limited patient/clinical data have been reported regarding hip instability after hip arthroscopic surgery. Duplantier et al 5 examined 11 patients with hip instability after hip arthroscopic surgery and reported predominantly anterior hip dislocations, as well as a high association with labral lesions, capsular insufficiency, and a failure to repair the capsulotomy site. Multiple isolated case reports or case series of postoperative instability after hip arthroscopic surgery have been published in the literature to date. 2, 12, 13, 15, 16 In addition, several biomechanical studies have found increased instability after an anterior capsular injury. 1, 9, 11, 14 One study of a human cadaveric model investigated the impact of iliofemoral ligament separation and its effect on external and internal rotation during manual flexion and extension of the hip. 11 The authors found that release of the medial and lateral arms of the iliofemoral ligament increased motion in external rotation, with the lateral arm having the greatest increase in flexion and a neutral position. Myers et al 14 also evaluated hip joint stability using biplane fluoroscopy after serial capsulolabral sectioning in a human cadaveric model. They found increased external rotation and anterior translation in hips with iliofemoral ligament sectioning and capsulolabralinjured states compared to the intact state when a 5-NÁm external and internal rotation torque force was applied to the hip. Abrams et al 1 examined the effect of capsulotomy, capsulectomy, and repair of capsulotomy on external rotation. They demonstrated significantly increased external rotation with T-capsulotomy and capsulectomy compared to the intact hip, with no significant difference from the intact hip after repair of T-capsulotomy. 1 To our knowledge, no evaluation of isolated anterior hip instability with increasing anterior capsulolabral injuries has been reported in the literature. The purpose of this study was to evaluate the impact of multiple anterior capsulolabral states (of increasing injury) on anterior hip stability. These anterior capsulolabral states included: (1) intact capsule, intact labrum (all intact); (2) sutured capsule, intact labrum (sutured intact); (3) sutured capsule, 1-cm partial labrectomy (sutured labrectomy); (4) partial capsulectomy, 1-cm partial labrectomy (partial capsulectomy); and (5) total capsulectomy, 1-cm partial labrectomy (total capsulectomy). Our hypothesis was that the load required for anterior hip translation would decrease as the injury to both the capsule and labrum increased.
METHODS
Ten fresh-frozen human cadaveric pelvises (20 hips) with postmortem radiographic evidence of no degenerative joint disease, femoroacetabular impingement, or bony abnormalities (reviewed by the senior author [J.K.S.]) were harvested. The mean (±SD) donor age was 54.25 ± 11 years, with a range of 29 to 64 years. There were 5 female and 5 male donors. Two pelvises were not used, as there were problems with potting of one or both hips. For testing and analysis, 8 pelvises (16 hips) were used. To mark the neutral hip position, a screw was inserted into the greater trochanter positioned parallel to the epicondylar axis of the distal femur at the time of harvest. Pelvises were stored in a -20 F freezer until specimen preparation and potting. To prepare the femur for potting, the bone was cut 6 cm distal to the lesser trochanter. The femoral canal was irrigated to remove all bone marrow tissue, and the remaining medullary canal was dried. A 6-inch metal screw (threeeighths-inch or one-half-inch diameter) was cemented into the canal using polymethyl methacrylate (PMMA). The screw diameter was selected on the basis of the diameter of the femoral canal to achieve the best fit and fill. An 8-cm polyvinyl chloride sleeve was placed around the femur and secured to the bone with 3 screws. This construct was cemented in place with PMMA to provide additional stability for the femoral construct.
The pelvis had 6-inch (three-eighths-inch diameter) metal screws drilled into the sacrum and ilium, which allowed a custom metal plate to be affixed to the back of the pelvis. For additional stability, 2 one-quarter-inch metal threaded rods were screwed into the iliac wings and attached to the metal plate.
During preparation, the pelvises were dissected of soft tissue to allow for potting and mounting plate fixation. Muscle and soft tissues surrounding the capsule were left intact during this phase to prevent desiccation. Immediately before testing, the pelvises were dissected of the remaining tissue, leaving the iliofemoral, pubofemoral, and ischiofemoral ligaments intact.
The construct was then mounted on a custom-designed testing apparatus ( Figure 1 ). The pelvis was oriented in a neutral position with the pubic symphysis and anterior superior iliac spine (ASIS) perpendicular to the ground. The femur was placed in neutral adduction/abduction and assisted by using the angle between the shaft of the femur and a horizontal line in the ASIS/pubic symphysis plane. The angle between the shaft of the femur and a vertical line in the ASIS/pubic symphysis plane was used to place the femur in neutral flexion/extension. The screw placed in the greater trochanter at the time of harvest and a horizontal line in the ASIS/pubic symphysis plane were used to set neutral external/internal rotation. Once neutral positions for the pelvis and femur were achieved, the capsule was vented to remove the suction effect of the hip joint. 9 A compressive load of 20 N was applied to the pelvis by placing counterweights on the back of the testing apparatus.
The custom testing apparatus recorded anteriorposterior displacement of the femur, superior-inferior displacement of the acetabulum, compressive force on the joint, and dislocation force at the joint. Measurements were taken using calibrated linear variable differential transformers: one 25 mm and one 50 mm. The loads were measured with a 200-N and 300-N load cell. All data were sampled at 100 Hz and recorded with LabVIEW (National Instruments) onto a desktop computer.
Ten trials were run for preconditioning of the specimen as well as for pilot testing before any data were collected. For pilot testing, the femur was anteriorly translated at a rate of 1 mm/s for a total translation of 13 mm. This amount of translation did not result in any plastic deformation to the specimen, soft tissue laxity, or decrease in load with repeated cycles. Each hip was tested using 5 conditions in sequential order: (1) intact capsule, intact labrum (all intact); (2) sutured capsule, intact labrum (sutured intact); (3) sutured capsule, 1-cm partial labrectomy (sutured labrectomy); (4) partial capsulectomy, 1-cm partial labrectomy (partial capsulectomy); and (5) total capsulectomy, 1-cm partial labrectomy (total capsulectomy). The all-intact state described the native hip state without any capsulolabral injury. The sutured capsule was created by performing longitudinal capsulotomy in the upper two-thirds of the iliofemoral ligament in line with the femoral neck, simulating interportal capsulotomy. This capsulotomy was performed 7 mm from the labrum to ensure adequate tissue for repair. The capsulotomy site was then repaired using braided, nonabsorbable No. 2.0 suture in an interrupted manner (Figure 2) . The 1-cm partial labrectomy procedure was performed using a No. 15 scalpel blade at the 2:30-o'clock position on the labrum. Partial capsulectomy was performed by resecting the entire iliofemoral ligament from the acetabular rim to the intertrochanteric line, leaving the ischiofemoral and pubofemoral ligaments intact (Figure 3) . The remaining capsular ligaments were then resected for the total capsulectomy state.
For each condition, the hip underwent a preconditioning trial. Three data-recorded trials followed the preconditioning trial. Data analysis was performed on the second of the 3 trials. A custom-designed script in MATLAB (MathWorks) was used to identify the load at 12 mm of anterior femoral translation.
Statistical analysis was performed using SAS (SAS Institute). A repeated-measures analysis of variance, as well as paired, 2-tailed t tests, with Bonferroni correction was utilized to compare the 5 conditions. The significance level 
RESULTS
The mean load at 12 mm of anterior femoral translation for the all-intact condition was 160.8 ± 36.2 N. The suturedintact condition and sutured-labrectomy condition had mean loads of 160.2 ± 39.6 N and 158.3 ± 38.5 N, respectively. A repeated-measures analysis of variance with Bonferroni adjustment was run to compare these 3 states and showed no significant difference among the 3 states (F 2,45 ¼ 0.027, P ¼ .97).
The mean load for the partial capsulectomy condition was found to be 122.8 ± 36.1 N, and 99.3 ± 35.9 N was the mean load for the total capsulectomy condition. These loads were found to be incrementally less than the mean load for the sutured-labrectomy condition. Paired, 2-tailed t tests with Bonferroni adjustment were run to compare these 3 different capsular conditions with 1-cm partial labrectomy (Figure 4 ). There was a significant difference between the sutured-labrectomy condition and partial capsulectomy condition (P ¼ .01) and between the sutured-labrectomy condition and total capsulectomy condition (P < .001). There was also a significant difference when comparing the partial capsulectomy condition and total capsulectomy condition (P ¼ .04).
DISCUSSION
This study found a significant decline in the force required for anterior translation of the femur with resection of the iliofemoral ligament with 1-cm partial labrectomy compared to the sutured-labrectomy condition. Even after resection of the iliofemoral ligament, we still found that a 122-N force was required to translate the femur anteriorly compared to 99 N in the total capsulectomy state. This sequential resection of the hip capsular ligaments in our study demonstrated a linear decline in the force required for anterior translation (Figure 4) . These results indicate that the ischiofemoral and pubofemoral ligaments do provide anterior stability to the hip joint after an injury to the labrum and iliofemoral ligament.
The first purpose of our study was to evaluate the role of the capsuloligamentous structures in providing anterior hip stability in a labral-injured state. No difference was found among the all-intact condition, sutured-intact condition, and sutured-labrectomy condition with regard to anterior translation. On the basis of these results, we concluded that the iliofemoral ligament plays a primary role in anterior hip stability in the labral-injured state. It provides a restraint to anterior translation when the stabilizing effect of the labrum has been lost. These results are corroborated by Myers et al, 14 who demonstrated that sectioning of the iliofemoral ligament resulted in significantly greater anterior translation compared to intact and labralinjured states but showed no difference in anterior translation between the intact and labral-injured states (both of which had intact iliofemoral ligaments) .
A secondary purpose of our study was to further elucidate the roles of the iliofemoral, ischiofemoral, and pubofemoral ligaments in providing anterior hip stability. In the present study, as well as others, the iliofemoral ligament has been shown to be a primary ligamentous restraint to anterior translation at the hip joint. 6, 7 On the other hand, the contributions of the ischiofemoral and pubofemoral ligaments to anterior hip stability are less established. Our study demonstrated, however, that the ischiofemoral and pubofemoral ligaments do play a role in anterior stabilization of the hip in an iliofemoral-and labral-deficient state. These biomechanical findings indicate that all 3 capsular ligaments interact to provide hip joint stability, and their roles are not as clearly defined as previously thought. 6, 7 Although the hip joint is an inherently stable joint because of its osseous structure, the capsular ligaments appear to interact in a complex manner to prevent instability, similar to the glenohumeral ligaments in the shoulder.
Warren et al 19 described the circle concept of the shoulder in 1984. This concept postulated that glenohumeral joint stability is provided by static restraints and that opposing structures on each side of the joint provided stability. As a result, translation of the humeral head in one direction would result in tension on the opposite ligamentous structure. Thus, anterior subluxation or dislocation of the humeral head would cause an injury to both the anterior and posterior glenohumeral capsular structures. Although the soft tissue structures play a greater role in shoulder stability compared to the hip, our findings indicate that the hip ligaments interact in a comparable manner. Studies on biomechanical properties of the shoulder and hip have demonstrated many similarities, including near-equivalent midsubstance failure strain, tensile modulus, and maximum stress. 3, 6, 8, 10 In our study model, we found that sequential sectioning of the anterior structures did indeed partially destabilize this joint. With resection of the iliofemoral ligament, the remaining ligaments did provide resistance to anterior translation, similar to findings observed for the posterior glenohumeral ligament in anterior shoulder instability.
Recent biomechanical studies have examined the role of capsulolabral structures in anterior hip instability. 4, 17 Crawford et al 4 demonstrated decreased hip stability with forces of distraction, rotation, and femoral head displacement with a 15-mm labral tear. Smith et al 17 observed no significant difference in the stability ratio (peak dislocation force/compressive load) with a circumferential labral tear 3 cm. They did demonstrate a significant decrease in the stability ratio with 2-cm partial labrectomy. Although these studies were well planned and well executed, they only evaluated the labrum and did not assess the role of the capsule in hip stability. Abrams et al 1 demonstrated significantly increased external rotation with T-capsulotomy and capsulectomy compared to the intact hip, with no significant difference from the intact hip after repair of Tcapsulotomy. Although Abrams et al 1 demonstrated the effect of capsulotomy and capsulectomy, they did not evaluate the role of labral injuries in anterior hip stability. In addition, they primarily assessed external rotation rather than anterior translation. Finally, Myers et al 14 demonstrated that sectioning of the iliofemoral ligament resulted in significantly greater anterior translation compared to intact and labral-injured states when testing specimens in external and internal rotation. Myers et al 14 showed no difference in anterior translation when comparing the intact and labral-injured states. This was a very well-executed study that assessed the effect of iliofemoral and labral injuries on anterior hip stability. However, Myers et al 14 only evaluated the role of the iliofemoral ligament and did not assess the other capsuloligamentous structures.
Limitations
The patient population most likely to undergo excessive capsulectomy constitutes those with femoroacetabular impingement. Our cadaveric specimens were selected with normal hip morphology and joint surfaces. It is not known if the capsular composition changes with bony abnormalities. Although this study did evaluate the impact of capsulectomy in a postoperative setting, it evaluated the specimens at time zero in the recovery process. It did not address hip stability in the later recovery stages. Capsulectomy performed during surgery can vary in size and is difficult to reproduce in a cadaveric model. Although useful for comparison in the laboratory setting, a total capsulectomy state is unlikely and may not be clinically relevant in the hip arthroscopic setting. In addition, we sectioned the ischiofemoral and pubofemoral ligaments at the same time. As a result, the role of these ligaments in maintaining anterior hip stability cannot be evaluated individually. However, comparison between the total capsulectomy and partial capsulectomy states does clearly demonstrate that the ischiofemoral and pubofemoral ligaments (in conjunction) play a significant role in maintaining anterior hip stability. Furthermore, only 16 cadaveric hips were included in our study. Although this is a limited sample size, our study was adequately powered. Future studies should evaluate the size and location of the capsulectomy site and how this resection affects anterior hip stability.
CONCLUSION
The study findings demonstrate that both the capsule and labrum play important roles in providing anterior hip stability and that the iliofemoral ligament is crucial for preventing anterior translation in labral-injured states. In addition, the ischiofemoral and pubofemoral ligaments provide resistance to anterior translation in iliofemoraland labral-deficient states. Intraoperative capsulectomy should be avoided in patients with large, irreparable labral tears to prevent postoperative anterior hip instability.
